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Abstract 

Biogeochemical  retention  processes,  including  adsorption,  reductive  precipitation,  and  incorporation  into  host  minerals, 
are  important  in  contaminant  transport,  remediation,  and  geologic  deposition  of  uranium.  Recent  work  has  shown  that  U 
can  become  incorporated  into  iron  (hydr)oxide  minerals,  with  a  key  pathway  arising  from  Fe(II)-induced  transformation 
of  ferrihydrite,  (Fe(0H)3nH20)  to  goethite  (a-FeO(OH));  this  is  a  possible  U  retention  mechanism  in  soils  and  sediments. 
Several  key  questions,  however,  remain  unanswered  regarding  U  incorporation  into  iron  (hydr)oxides  and  this  pathway’s 
contribution  to  U  retention,  including:  (i)  the  competitiveness  of  U  incorporation  versus  reduction  to  U(IV)  and  subsequent 
precipitation  of  U02;  (ii)  the  oxidation  state  of  incorporated  U;  (iii)  the  effects  of  uranyl  aqueous  speciation  on  U  incorpo¬ 
ration;  and,  (iv)  the  mechanism  of  U  incorporation.  Here  we  use  a  series  of  batch  reactions  conducted  at  pH  ~7,  [U(VI)]  from 
1  to  170  pM,  [Fe(II)]  from  0  to  3  mM,  and  [Ca]  at  0  or  4  mM  coupled  with  spectroscopic  examination  of  reaction  products  of 
Fe(II)-induced  ferrihydrite  transformation  to  address  these  outstanding  questions.  Uranium  retention  pathways  were  identi¬ 
fied  and  quantified  using  extended  X-ray  absorption  fine  structure  (EXAFS)  spectroscopy,  X-ray  powder  diffraction,  X-ray 
photoelectron  spectroscopy,  and  transmission  electron  microscopy.  Analysis  of  EXAFS  spectra  showed  that  14-89%  of  total 
U  was  incorporated  into  goethite,  upon  reaction  with  Fe(II)  and  ferrihydrite.  Uranium  incorporation  was  a  particularly  dom¬ 
inant  retention  pathway  at  U  concentrations  ^50  pM  when  either  uranyl-carbonato  or  calcium-uranyl-carbonato  complexes 
were  dominant,  accounting  for  64-89%  of  total  U.  With  increasing  U(VI)  and  Fe(II)  concentrations,  U(VI)  reduction  to 
U(IV)  became  more  prevalent,  but  U  incorporation  remained  a  functioning  retention  pathway.  These  findings  highlight 
the  potential  importance  of  U(V)  incorporation  within  iron  oxides  as  a  retention  process  of  U  across  a  wide  range  of 
biogeochemical  environments  and  the  sensitivity  of  uranium  retention  processes  to  operative  (bio) geochemical  conditions. 
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1.  INTRODUCTION 

Uranium  mining,  milling,  refining,  and  nuclear  weapons 
production  in  the  United  States  has  left  a  legacy  of  soil  and 
groundwater  contamination  at  a  variety  of  sites  such  as 
Hanford,  WA  and  Oak  Ridge,  TN.  The  United 
States  Department  of  Energy  manages  an  inventory  of 
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1.5  billion  m3  of  contaminated  groundwater,  and  75  mil¬ 
lion  m3  of  contaminated  soil/sediment  (DOE,  1997);  U  is 
among  the  most  common  radionuclide  contaminants  at 
DOE  sites  (Riley  and  Zachara,  1992).  Uranium  contamina¬ 
tion  from  legacy  U  production  exists  on  every  continent 
except  Antarctica,  with  an  estimated  global  volume  of  over 
900  million  m3  of  tailings,  covering  nearly  6000  ha,  with 
associated  contamination  of  soils,  sediments,  and 
groundwater  (IAEA,  2004).  Managing  this  legacy  U 
contamination  requires  an  accurate  understanding  of  U 
biogeochemical  processes  and  sequestration  mechanisms. 
Uranium  biogeochemistry  also  plays  key  roles  in  U  extrac¬ 
tion/mining,  U  contamination  remediation,  and  environ¬ 
mental  fate  and  transport  of  U.  Thus,  establishing  a 
clearer  understanding  of  U  biogeochemistry  is  crucial  for 
mitigating  the  impact  of  legacy  contamination,  as  well  as 
understanding  current  and  future  environmental  impacts 
of  U. 

In  the  subsurface  environment,  U  retention  processes 
remove  U  from  the  groundwater  in  which  it  is  transported, 
concentrating  it  in  potentially  economically  extractable 
quantities  (e.g.,  in  roll-front  deposits),  and  alleviating  U 
toxicity  risks  in  groundwater.  Uranium  sequestration  mech¬ 
anisms  are  heavily  influenced  by  U  oxidation  state:  U(VI)  is 
the  most  mobile  form  in  the  environment  and  exists  as  the 
uranyl  cation,  U02+,  and  associated  species,  while  U(IV) 
tends  to  form  sparingly-soluble  precipitates  such  as  urani- 
nite  (U02(S)).  Recent  theoretical  studies  (Skomurski  et  al., 
2011;  Wander  and  Shuford,  2012)  and  laboratory  work 
(Ilton  et  al.,  2005,  2010,  2012)  suggest  that  U(V)  might  also 
be  environmentally  relevant.  However,  field-based  evidence 
for  U(V)  is  rare,  with  only  one  U(V)  mineral  (wyartite), 
having  been  identified  (Burns  and  Finch,  1999).  There  are 
four  primary  U  retention  pathways:  adsorption  of  U(VI), 
precipitation  of  U(VI)  minerals  such  as  uranyl  silicates 
(Catalano  and  Brown,  2004;  Burns,  2005)  or  phosphates 
(Stubbs  et  al.,  2009),  reductive  precipitation  of  U(IV) 
(Lovley  and  Phillips,  1992b;  Liger  et  al.,  1999;  Du  et  al., 
2011;  Latta  et  al.,  2012b),  and,  incorporation/co-precipitation 
of  U  in  host  minerals  such  as  iron  oxides  (collectively  used 
here  to  refer  to  hydroxides,  oxyhydroxides,  and  oxides) 
(Payne  et  al.,  1994;  Duff  et  al.,  2002;  Nico  et  al.,  2009; 
Stewart  et  al.,  2009;  Ilton  et  al.,  2010,  2012;  Boland  et  al., 
2011;  Marshall  et  al.,  2014),  or  silicates  (Allard  et  al., 
1999;  Soderholm  et  al.,  2008). 

Uranyl  adsorption  is  dependent  on  pH,  U  aqueous  spe- 
ciation,  and  mineralogical  constituents.  Waite  et  al.  (1994) 
found  nearly  complete  uranyl  adsorption  on  ferrihydrite 
at  circumneutral  pH.  Aqueous  uranyl-carbonato  and  ura- 
nyl-calcium-carbonato  ternary  complexes  also  decrease 
the  extent  of  U  adsorption  (Stewart  et  al.,  2010).  However, 
adsorption  does  occur  in  the  presence  of  uranyl-carbonato 
and  uranyl-calcium-carbonato  complexes  as  an  inner-sphere 
uranyl-carbonato  (Bargar  et  al.,  1999)  or  uranyl  surface 
complex  (Hiemstra  et  al.,  2009;  Rossberg  et  al.,  2009). 
Uranium  adsorption  is  fast  but  ultimately  reversible,  thus 
operating  as  a  primarily  short-term  retention  mechanism. 

Uranium  in  the  hexavalent  oxidation  state  also  forms 
minerals  such  as  uranyl  hydroxides  (e.g.,  schoepite  and 
metaschoepite),  uranyl  silicates  (e.g.,  uranophane),  uranyl 


carbonates  (e.g.,  liebigite),  and  uranyl  phosphates  (e.g., 
autunite,  torbemite  and  metatorbemite)  (Finch  and 
Murakami,  1999;  Burns,  2005).  Uranyl  minerals  are  a 
potential  sink  for  U  and  have  been  found  at  contaminated 
sites  (Catalano  et  al.,  2004;  Wang  et  al.,  2005;  Stubbs  et  al., 
2009).  Precipitation  of  uranyl  minerals  may  be  important 
for  U  retention  in  oxygenated  environments  such  as  arid 
or  semi-arid  soils  and  sediments,  if  the  minerals  limit  U 
migration  and  mitigate  toxic  impacts. 

Reductive  precipitation  of  U  as  U(IV)  has  also  been 
extensively  studied,  chiefly  as  an  in  situ  remediation  tech¬ 
nique  (Lovley  and  Phillips,  1992b;  Anderson  et  al.,  2003; 
Wu  et  al.,  2006;  Neiss  et  al.,  2007;  Yabusaki  et  al.,  2007). 
Uranium  is  retained  as  sparingly-soluble  uraninite  (e.g., 
Suzuki  et  al.,  2002),  or  as  “monomeric”  or  “mononuclear” 
U(IV)  (e.g.,  Bernier-Latmani  et  al.,  2010;  Boyanov  et  al., 
2011).  Uranium  reduction  can  occur  via  biotic  or  abiotic 
processes.  Abiotically,  U  reduction  is  facilitated  by  reaction 
with  Fe(II),  which  can  be  catalyzed  by  mineral  surfaces 
(Liger  et  al.,  1999;  Chakraborty  et  al.,  2010;  Latta  et  al., 
2012a).  Heterogeneous  U  reduction  by  reduced  minerals 
such  as  Fe  sulfides  and  magnetite  is  also  possible  (Hua 
and  Deng,  2008;  Latta  et  al.,  2012b;  Hyun  et  al.,  2012; 
Singer  et  al.,  2012),  as  is  homogeneous  U  reduction  by 
aqueous  Fe(II)  (Du  et  al.,  2011)  or  sulfide  (Hua  et  al., 
2006).  Biotically,  various  dissimilatory  metal  reducing  bac¬ 
teria  can  use  U  for  respiration  (Lovley  and  Phillips,  1992b; 
Wilkins  et  al.,  2006),  while  others  reduce  U  via  a  non- 
respiratory  pathway  (Lovley  and  Phillips.  1992a).  However, 
the  rate  and  extent  of  U  reduction  is  diminished  by 
uranyl-calcium-carbonato  complexes  (Brooks  et  al.,  2003; 
Boyanov  et  al.,  2007;  Neiss  et  al.,  2007;  Sheng  et  al.,  2011; 
Singer  et  al.,  2012),  with  inhibition  occurring  due  to  kinetic 
rather  than  thermodynamic  factors  (Stewart  et  al.,  2007). 

Uranium  may  also  be  retained  through  incorporation 
within  the  structure  of  other  host  minerals.  For  example, 
Pett-Ridge  et  al.  (2007)  concluded  that  non-exchangeable 
U  in  150-4100  ka  Hawaiian  soils  was  co-precipitated  with 
Fe  to  form  iron  oxides,  and  Sato  et  al.  (1997)  showed  that 
iron  oxides  scavenged  greater  than  8%  U  (by  weight)  from 
waters  down  gradient  of  the  Koongarra  deposit  in  Austra¬ 
lia.  Because  of  a  spatial  correlation  among  U,  Cu,  and  P, 
Sato  et  al.  (1997)  postulated  that  U  was  present  in  both  a 
torbemite/metatorbemite  (Cu(U02)2(P04)2-8-12H20) 
phase  and  a  goethite  phase.  Payne  and  Airey,  2006  postu¬ 
lated  an  adsorption  step  followed  by  solid  phase  incorpora¬ 
tion  during  mineral  ripening  to  more  crystalline  phases. 

While  the  above  examples  demonstrate  the  importance  of 
co-precipitation  on  geologic  time  scales,  this  process  is  also 
active  on  much  shorter  time  scales  of  days  to  decades.  For 
example,  at  the  United  States  Department  of  Energy’s  Oak 
Ridge  site,  Stubbs  et  al.  (2006)  identified  not  only  distinct 
uranyl  phosphate  phases  but  also  goethite-associated  U  as 
phases  controlling  the  aqueous  concentration  of  U.  In  addi¬ 
tion,  Gomez  et  al.,  2006  concluded  that  U  co-precipitation 
with  iron  oxides  controlled  the  release  of  U  from  an  aban¬ 
doned  U  mine  in  Spain.  Senko  et  al.  (2005)  also  noted  that 
addition  of  Fe(II)  during  oxidation  of  authigenic  U02- 
bearing  solids  resulted  in  diminished  release  of  aqueous 
U(VI),  which  is  consistent  with  U(VI/V)  incorporation  into 
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transforming/precipitating  Fe(III)  oxides.  Gu  et  al.  (2003) 
also  postulated,  on  the  basis  of  uptake  and  extraction  data, 
that  U  co-precipitation  with  Fe  and/or  Al  oxides  had  a 
significant  influence  on  dissolved  concentrations  of  U. 

Uranium  incorporation  has  been  demonstrated  in  hema¬ 
tite  (Duff  et  al.,  2002;  Ilton  et  al.,  2012;  Marshall  et  al., 
2014)  after  heating  and  aging  of  U  and  Fe  co-precipitates. 
Payne  et  al.  (1994)  also  found  that  U  adsorbed  on  ferrihy- 
drite  became  resistant  to  extraction  after  heating  and  aging 
transformed  the  ferrihydrite  to  hematite  and  lesser  amounts 
of  goethite.  Uranium  incorporation  into  octahedral  Fe(III) 
sites  in  goethite  has  been  posited  (Nico  et  al.,  2009;  Boland 
et  al.,  2011),  and  U  incorporation  into  magnetite  has  also 
been  proposed  (Nico  et  al.,  2009).  In  all  experiments,  U  that 
had  purportedly  incorporated  into  iron  oxides  was  resistant 
to  extraction  and  re-mobilization  (Duff  et  al.,  2002;  Smith 
et  al.,  2009;  Stewart  et  al.,  2009;  Ilton  et  al.,  2012).  Whether 
by  heating  or  Fe(II)-induced  transformation,  the  incorpo¬ 
ration  of  U  into  iron  oxides  can  occur  in  days  to  weeks 
(Nico  et  al.,  2009;  Boland  et  al.,  2011).  Iron(II)-induced 
transformation  of  ferrihydrite  to  goethite  occurs  as  a  cou¬ 
pled  dissolution-reprecipitation  process  (Hansel  et  al., 
2003)  and  U  is  incorporated  into  the  goethite  lattice  during 
the  transformation.  Since  U  incorporation  can  result  in  U 
that  is  resistant  to  re-mobilization  (Stewart  et  al.,  2009), 
U  incorporation  into  transforming  iron  oxides  can  strongly 
retain  U,  potentially  over  long  periods  of  time. 

Kerisit  et  al.  (2011)  conducted  atomistic  modeling  of  U 
incorporated  in  the  structure  of  various  iron  oxides.  The 
simulated  local  structures  around  U(V)  or  U(VI)  in  Fe(III) 
sites  yielded  a  good  match  with  the  EXAFS  data  reported 
by  Nico  et  al.  (2009).  Charge  balance  was  maintained  by 
protonation/de-protonation  of  neighboring  hydroxyl 
groups  and/or  the  introduction  of  vacancies  at  other  Fe(III) 
sites.  The  combination  of  modeling  and  experimental 
approaches  provide  strong  evidence  for  U(V/VI)  incorpora¬ 
tion  into  the  structure  of  goethite  during  reductive  transfor¬ 
mation  of  ferrihydrite.  However,  important  aspects  of  the 
U  incorporation  mechanism  and  resulting  solid-phase 
product(s)  remain  unresolved.  The  objective  of  the  present 
work  was  therefore  to  address  several  knowledge  gaps, 
including:  (1)  the  relevance  of  U  incorporation  at  com¬ 
monly-observed  concentrations  of  calcium,  carbonate,  U, 
and  Fe;  (2)  the  mechanisms  by  which  U  is  incorporated, 
including  the  valence  state  of  incorporated  U;  and,  (3) 
competition  between  U  incorporation,  reduction,  and 
adsorption  processes. 

2.  METHODS 

2.1.  Sample  preparation  and  solution  chemical  analyses 

2.1.1.  Two-line  ferrihydrite  preparation 

Two-line  ferrihydrite  slurry  was  prepared  according  to 
the  method  outlined  in  Herbel  and  Fendorf  (2006).  Briefly, 
~  1 50  mM  ferric  chloride  was  vigorously  mixed  using  a 
mechanical  stirrer,  and  rapidly  (within  ~  15  min)  titrated 
to  a  pH  of  7.0-7. 5  using  0.4-1  M  sodium  hydroxide.  After 
1-2  h  of  equilibration  and  further  addition  of  sodium 
hydroxide  to  establish  a  stable  pH  in  the  7.0-7. 5  range, 


the  slurry  was  allowed  to  settle,  and  the  supernatant  was 
decanted.  The  slurry  was  then  centrifuged  and  washed  with 
de-ionized  water  (18  MO)  five  times  to  remove  residual 
salts.  Two-line  ferrihydrite  mineralogy  was  confirmed  using 
high-resolution  synchrotron  X-ray  powder  diffraction  at 
beamline  7-2  at  the  Stanford  Synchrotron  Radiation 
Lightsource  (SSRL).  Slurry  density  was  measured  by  the 
ferrozine  assay  (Stookey,  1970)  following  dissolution  of  fer¬ 
rihydrite  in  6  M  hydrochloric  acid  and  complete  reduction 
of  Fe(III)  to  Fe(II)  using  0.5  M  hydroxylamine 
hydrochloride. 

In  order  to  compare  the  present  study  with  previous 
experiments  (e.g.,  Nico  et  al.,  2009),  ferrihydrite-coated 
sand  was  also  prepared  using  the  method  described  by 
Brooks  et  al.  (1996).  Ferrihydrite  slurry  was  prepared  as 
above,  and  mixed  with  pure  quartz  sand  (Unimin  Corpora¬ 
tion,  New  Canaan,  Connecticut,  United  States). 

2.1.2.  Variable  U(VI)  incubations 

Ferrihydrite  slurry  was  incubated  with  300  pM  Fe(II) 
and  1-170  pM  uranyl  to  determine  the  distribution  of  U 
retention  pathways  across  a  range  of  initial  U(VI)  concen¬ 
trations.  Batch  incubations  were  performed  in  125  mL  glass 
serum  vials  with  thick  rubber  septum  stoppers  (Bellco 
Glass,  Inc.,  New  Jersey,  United  States).  Two  sample  series 
were  prepared:  a  no-Ca  series,  and  a  series  with  4  mM  Ca. 
A  solution  with  a  final  concentrations  of  10  mM  piperazine- 
N,N'-bis(2-ethansulfonic  acid)  (PIPES)  buffer,  3.8  mM 
KHCO3,  and  0  or  4  mM  CaCl2,  adjusted  to  pH  7.0,  served 
as  the  aqueous  reaction  medium.  Ferrihydrite  slurry 
(1.7  x  10-4  mol  Fe  bottle-1)  and  varying  concentrations 
of  uranyl  acetate  (0,  1,  3,  5,  10,  50,  100,  170  pM)  were 
added  to  each  reaction  vessel.  Ferrihydrite-coated  sand 
samples  were  prepared  with  1  g  of  ferrihydrite-coated  sand 
(also  approximately  1.7  x  10-4  mol  Fe  bottle-1,  as  in  the 
slurry  experiments)  rather  than  ferrihydrite  slurry.  The  fer¬ 
rihydrite-coated  sand  experiment  used  the  same  aqueous 
reaction  medium,  with  4  mM  Ca,  and  170  pM  U.  Then 
the  mixture  in  each  vessel  was  allowed  to  equilibrate  for 
~1  h,  and  spiked  with  300  pM  Fe(II)  (added  as  FeSCL). 
The  total  solution  volume  in  all  cases  was  100  mL.  A  no- 
Fe(II),  no-Ca,  50  pM  U  sample  was  also  made  as  a  stan¬ 
dard  for  uranyl  adsorption  on  ferrihydrite.  An  incubation 
where  50  pM  U  was  added  after  ferrihydrite  transformation 
was  also  performed,  to  evaluate  the  ability  for  U  to  be 
incorporated  into  goethite  after  transformation.  The  entire 
procedure  was  performed  using  de-oxygenated,  de-ionized 
(18  MQ)  water  in  an  anoxic  (95%  N2,  5%  H2)  atmosphere 
(Coy  Laboratory  Products  Inc.,  Michigan,  United  States). 

Samples  were  incubated  outside  of  the  anaerobic  glove- 
bag  at  25  °C  for  8-10  days  on  a  rotary  shaker  at  120  RPM. 
After  incubation,  10  mL  aliquots  of  solution  were 
withdrawn  using  a  syringe,  and  filtered  through  0.22  pm 
membranes  into  25  mL  serum  vials.  Serum  vials  were  then 
capped  with  rubber  septum  stoppers  and  stored  at  4  °C 
until  analysis.  The  remaining  solution/slurry  mixture  was 
vacuum  filtered  onto  a  0.22  pm  pore  membrane  filter 
(Millipore,  Inc.,  Massachusetts,  United  States)  and  rinsed 
with  de-ionized  water.  While  still  wet,  samples  were  scraped 
from  the  filters  and  allowed  to  dry  prior  to  grinding  and 
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analysis.  All  sample  harvesting  and  processing  was  per¬ 
formed  in  an  anoxic  atmosphere,  as  above.  This  process 
yielded  ~  15-20  mg  of  dried  iron  oxide  powder  per 
125  mL  serum  vial.  Between  3-6  replicates  of  each  incuba¬ 
tion  were  performed  in  separate  bottles,  and  combined  to 
ensure  sufficient  mass  of  sample  for  analysis.  Iron-coated 
sand  samples  were  not  ground  and  were  simply  dried  for 
analysis. 

2.1.3.  Variable  Fe( II)  incubations 

Constant-U,  variable-Fe(II)  incubations  were  also  per¬ 
formed  to  evaluate  the  effect  of  Fe(II)  on  U  incorporation 
and  U  reduction  to  U(IV).  As  in  the  variable-U  incubations 
described  above,  the  solutions  had  a  final  reaction  volume 
of  100  mL  per  125  mL  serum  bottle,  and  all  incubations 
were  conducted  in  an  anoxic  atmosphere.  The  solutions 
consisted  of  10  mM  PIPES  buffer,  3.8  mM  sodium  bicar¬ 
bonate,  either  0  or  4  mM  CaCl2,  and  127  pM  uranyl  ace¬ 
tate.  Two-line  ferrihydrite  slurry  was  added  to  a  final 
density  of  1.7  x  10~4  mol  Fe  bottle-1.  Bottles  were  sealed 
and  allowed  to  equilibrate  for  ~1  h,  after  which  Fe(II) 
was  added  by  syringe  to  concentrations  ranging  from  0  to 
3  mM  (0,  0.3,  1,  and  3  mL  of  100  mM  FeS04).  Bottles  were 
shaken  at  120  RPM  at  25  °C  for  10  days  outside  of  the 
anaerobic  chamber. 

After  10  days  the  bottles  were  returned  to  the  anaerobic 
chamber  for  sampling.  A  0.5  mL  sample  of  well-mixed 
slurry  was  dissolved  in  1  mL  of  3  M  HC1  for  total  Fe  anal¬ 
ysis.  The  remaining  slurry  was  vacuum  filtered  through 
nylon  filters  with  0.22  pm  pores.  Aliquots  of  0.5  mL  of 
the  filtrate  were  dissolved  in  1  mL  of  3  M  HC1  for  solution 
Fe  analysis.  Aliquots  for  total  dissolved  metal  analysis  were 
prepared  by  acidifying  22  mL  of  the  filtrate  to  a  final  con¬ 
centration  of  2%  HNO3  (22  mL  filtrate  and  500  pL  ~ 70% 
HNO3).  The  remaining  filtrate  was  sealed  in  22  mL  tubes 
with  no  headspace  for  dissolved  inorganic  carbon  and  pH 
analysis.  Solids  were  rinsed  in  10  mL  de-ionized  water  for 
24  h,  then  dried  under  anoxic  conditions,  and  finally, 
ground  into  powder  for  analysis. 

2.1.4.  Bicarbonate  extraction 

Several  samples  from  the  variable  U,  no-Ca  series  (1,  5, 
and  10  pM  U),  and  one  sample  from  the  Ca  series  (3  pM  U) 
were  subjected  to  a  30  mM  KHCO3  extraction  to  remove 
and  quantify  adsorbed  U.  Bicarbonate  extraction  of 
adsorbed  uranyl  also  clarified  (via  removal  of  adsorbed 
species)  the  X-ray  absorption  spectrum  of  non-adsorbed, 
solid-phase  U  in  these  samples.  Samples  for  extraction  were 
harvested  as  in  Section  2.1.2  above,  but  rather  than  being 
dried,  they  were  placed  in  a  separate  serum  vial  with 
20  mL  of  bicarbonate  extractant  (per  bottle  of  solid  sample) 
and  shaken  for  an  additional  4  days  at  120  RPM.  Aliquots 
of  10  mL  of  extractant  solution  were  then  taken  with  a  syr¬ 
inge  and  filtered  for  ICP-MS  analysis  in  a  matrix  of  2% 
HNO3,  and  the  remaining  extractant/slurry  mixture  was 
vacuum  filtered,  washed,  scraped,  dried,  and  ground  into 
powder  for  analysis,  as  in  Sections  2.1.2  and  2.1.3,  above. 

Replicate  samples  from  the  variable  Fe(II)  series  were 
also  subjected  to  a  15  mM  sodium  bicarbonate  extraction 
to  quantify  adsorbed  U.  After  bicarbonate  extraction, 


solids  were  filtered  on  0.22  pm  nylon  filters,  and  the  extract¬ 
ant  solution  was  preserved  in  2%  HNO3  for  U  analysis  by 
ICP-MS.  Solids  were  rinsed  using  10  mL  of  de-ionized 
water,  dried  under  anoxic  conditions,  and  ground  for 
analysis. 

2.1.5.  Solution  analysis 

Aliquots  of  reaction  medium  and  extractant  solution 
were  analyzed  for  U  using  ICP-MS  (Thermo  Scientific 
XSERIES  2,  Thermo  Fisher  Scientific,  Waltham,  MA), 
and  Ca,  K,  Fe,  Na,  and  Si  using  ICP-OES  (Thermo 
Scientific  ICAP  6300  Dual  View,  Thermo  Fisher  Scientific, 
Waltham,  MA).  Samples  were  diluted  in  a  matrix  of  ~2% 
trace-metal  grade  nitric  acid  prior  to  analysis. 

2.2.  Solid  phase  analyses 

2.2.1.  Ascorbic  acid  extraction! dissolution  experiments 

Quantities  of  ~10  mg  of  U-containing  iron  oxide  sam¬ 
ples  (10  and  100  pM  U,  0  and  4mM  Ca)  were  dissolved 
in  50  mL  of  10  mM  ascorbic  acid  at  pH  ~3  in  an  anoxic 
atmosphere.  The  method  used  was  similar  to  previous  stud¬ 
ies  (Postma,  1993;  Larsen  and  Postma,  2001;  Boland  et  al., 
2011).  Samples  of  1  mL  were  taken  at  1,  15,  30,  60,  240,  and 
480  min,  as  well  as  1,  2,  4,  6,  12,  and  18  days.  After  18  days, 
any  remaining  solids  were  completely  dissolved  by  adding 
8  mL  of  concentrated  nitric  acid  (67-70%  HNO3  by  mass) 
and  2  mL  of  concentrated  hydrochloric  acid  (34—37%  HC1 
by  mass),  in  order  to  obtain  total  U  and  Fe.  All  solution  ali¬ 
quots  were  filtered  through  syringe  filters  with  0.22  pm 
pores,  diluted  with  de-ionized  water,  and  analyzed  via 
ICP-MS  for  U,  Fe,  and  Ca. 

2.2.2.  X-ray  absorption  spectroscopy 

A  quantity  of  ~15  mg  of  dried  iron  oxide  powder  was 
combined  with  ~70  mg  boron  nitride  powder  under  oxy¬ 
gen-free  conditions,  and  homogenized  by  repeated  grinding 
before  being  pressed  into  pellets  for  EXAFS  analysis  in  alu¬ 
minum  sample  holders  with  a  double  layer  of  Kapton  film. 
The  primary  sample  holders  were  then  placed  into  second¬ 
ary  indium-sealed  holders  with  Kapton  windows  to  provide 
further  sample  containment  and  isolation  from  oxygen  dur¬ 
ing  analysis.  Ferrihydrite-coated  sand  samples  were  not 
mixed  with  boron  nitride.  All  samples  were  analyzed  at 
beamlines  11-2  and  4-1  at  SSRL.  Data  collection  was  per¬ 
formed  at  room  temperature,  under  vacuum  (~10-6torr) 
to  isolate  the  samples  from  oxygen  and  thereby  prevent  oxi¬ 
dation.  The  X-ray  beam  incident  energy  was  controlled  via 
a  Si(220)  double-crystal  monochromator  in  the  <p  =  0°  ori¬ 
entation,  detuned  ~30%  at  17.6  keV  to  eliminate  higher- 
order  harmonics.  Transmission  spectra  were  collected  using 
an  in-line  ionization  chamber,  and  fluorescence  spectra 
were  collected  simultaneously  using  either  a  13-  or  30-ele- 
ment  Ge  solid-state  detector  (Canberra,  Connecticut,  Uni¬ 
ted  States),  or  a  Lytle  detector.  An  in-line  Y  foil  was  used 
to  ensure  energy  calibration;  the  inflection  point  in  the  Y 
K-edge  spectrum  (defined  using  the  first-derivative  peak) 
was  calibrated  to  17038.4  eV.  Data  calibration  and  averag¬ 
ing  were  performed  using  SixPack  (Webb,  2005),  and  data 
were  normalized,  background-subtracted,  and  fit  using  the 
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Athena  and  Artemis  software  packages  (Ravel,  2001;  Ravel 
and  Newville,  2005)  and  FEFF  6  or  FEFF  8.4  (Ankudinov 
et  al.,  1998).  Detailed  normalization  and  fitting  parameters 
are  provided  in  the  Electronic  Annex. 

2.2.3.  X-ray  powder  diffraction 

For  X-ray  powder  diffraction  (XRD)  analysis,  finely 
ground  iron  oxide  powder  was  placed  into  0.3  mm  diameter 
borosilicate  glass  capillaries.  Capillaries  were  flame-sealed 
on  one  end,  sealed  with  five-minute  Epoxy  (ITW  Devcon, 
Danvers,  MA)  on  the  other  end,  and  analyzed  at  beamline 
7-2  at  SSRL.  Capillaries  were  contained  in  sealed  polycar¬ 
bonate  containers  with  Kapton  windows.  The  container 
was  also  purged  with  He  gas  to  prevent  exposure  to  oxygen 
and  decrease  the  scattering  background.  The  incident  beam 
energy  was  maintained  at  16.5  keV  (2  =  0.75  A);  precise 
energy  and  diffractometer  calibration  was  achieved  using 
a  LaB6  calibration  standard  in  a  borosilicate  glass  capillary. 
Powder  diffraction  data  were  collected  over  a  Q-space  range 
of  0.8  to  ~10-12  A'1  using  a  single-channel  energy  disper¬ 
sive  Vortex  solid-state  detector. 

Diffraction  patterns  were  analyzed  using  the  General 
Structure  Analysis  System  (GSAS)  software  package 
(Larson  and  Von  Dreele,  2000)  with  the  EXPGUI  interface 
(Toby,  2001).  Peaks  were  assigned  to  goethite,  magnetite, 
and  U02  using  molecular  models  of  those  minerals. 

2.2.4.  Transmission  electron  microscopy 

Dried,  ground  samples  of  the  10  and  100  pM  U/iron 
oxide  suspensions  (4mM  Ca,  prepared  as  in  Section  2.1.2) 
were  suspended  in  ethanol  and  applied  to  carbon  support 
grids  (Ted  Pella,  Inc.,  Redding,  California,  United  States) 
for  examination  via  transmission  electron  microscopy 
(TEM)  and  energy-dispersive  X-ray  spectroscopy  (EDS). 
Preparation  of  TEM  grids  was  carried  out  in  an  anoxic 
atmosphere  (95%  N2,  5%  H2),  and  samples  were  stored 
and  transported  in  an  anoxic  atmosphere  until  transfer  to 
the  TEM  vacuum  chamber.  Samples  were  analyzed  at  the 
Stanford  Nanocharacterization  Laboratory  using  a  FEI 
Tecnai  G2  F20  X-TWIN  Transmission  Electron  Micro¬ 
scope  (FEI,  Hillsboro,  Oregon,  United  States).  The  field 
emission  gun  TEM  was  operated  at  an  accelerating  voltage 
of  200  kV,  and  images  were  collected  using  a  CCD  camera. 

2.2.5.  X-ray  photoelectron  spectroscopy 

Samples  of  10  and  100  pM  U/iron  oxide  suspensions 
prepared  as  in  Section  2.1.2  (both  4mM  Ca  and  no-Ca 
systems,  with  0.3  mM  Fe(II))  were  filtered,  rinsed  with 
de-gassed  DI  water,  dried,  fixed  on  indium  coupons,  and 
transferred  into  the  analysis  chamber  through  an  anoxic 
glovebox  attached  to  the  instrument  for  X-ray  photoelec¬ 
tron  spectroscopic  (XPS)  analysis.  The  samples  were 
analyzed  using  a  Kratos  Axis  Ultra  DLD  spectrometer  at 
room  temperature.  The  instrument  was  operated  at  an 
excitation  voltage  of  15kV  with  a  10  mA  current,  using 
monochromatic  Al  Ka  X-rays  (1486.7  eV).  A  pass  energy 
of  20  or  40  eV,  with  a  step  size  of  0.1  or  0.125  eV,  enabled 
high-resolution  analysis,  with  high  collection  efficiencies 
achieved  using  a  magnetic  immersion  lens.  Binding  energies 
were  referenced  to  the  adventitious  Cls  peak  at  285.0  eV. 


The  primary  and  satellite  peaks  for  U4f  were  used  in  the 
fitting  procedure  following  the  methodology  outlined  in 
Ilton  et  al.  (2010)  and  Ilton  and  Bagus  (2011).  High- 
resolution  U4f  regional  spectra,  spanning  a  spectral  region 
from  375  to  405  eV,  were  best  fit  after  Shirley  background 
subtractions  by  nonlinear  least-squares  using  the  CasaXPS 
curve  resolution  software,  with  parameters  similar  to  those 
in  Ilton  et  al.  (2010). 

3.  RESULTS 

3.1.  Variable  U  incubations 

Variable  concentrations  (1-170  pM  U)  of  uranyl  were 
reacted  with  ferrihydrite  and  300  pM  Fe(II)  at  pH  7.0,  with 
0  or  4  mM  Ca;  Fe(II)  was  used  to  drive  the  reductive  trans¬ 
formation  of  both  ferrihydrite  and  U.  In  the  absence  of  Ca, 
near  complete  sorption  of  U  occurred  at  initial  aqueous 
concentrations  below  10  pM;  the  amount  of  U  remaining 
in  solution  was  ^0.01  pM  (Fig.  1).  The  presence  of  calcium 
increased  the  aqueous  phase  concentration  ten-fold,  owing 
to  the  stability  of  the  aqueous  uranyl-calcium-carbonato 
ternary  complex.  However,  greater  than  95%  of  the  initial 
U  was  retained  on  (or  in)  the  solid  phase  at  initial  U  con¬ 
centrations  of  1-10  pM  (Fig.  1).  Uranium  retention 
remained  greater  than  90%  of  the  initial  U  added  at 
[U(VI)initiai]  <170  pM  in  the  absence  of  Ca,  but  when  Ca 
was  present  at  a  concentration  of  4  mM  less  than  40%  of 
an  initial  170  pM  U  was  retained  (Fig.  1). 

When  solids  resulting  from  the  systems  with 
[U(VI)initiai]  =  10  and  100  pM  were  reacted  with  10  mM 
ascorbic  acid  at  pH  ~3.0,  approximately  20-40%  of  solid- 
phase  U  was  removed  from  the  solid  within  1  h  of  reaction; 
Fe  dissolution  was  not  observed  during  this  reaction  period 
(Fig.  2).  The  release  of  U  during  the  initial  1  h  period  is 
attributed  to  desorption  of  uranyl  from  the  iron  oxide  sur¬ 
face.  Iron  oxide  dissolution  was  slow,  as  was  further  U 
release,  with  58-83%  of  both  total  Fe  and  total  U  being 
released  from  the  solid  phase  after  18  d  of  reaction  with 
ascorbic  acid  (Fig.  2).  On  the  basis  of  the  ascorbic  acid 
extraction,  it  appears  that  less  than  40%  of  the  U  was 
retained  on  the  iron  oxide  surface,  with  the  remainder 
occluded  within  the  Fe  solid.  Further,  the  U  within  the  iron 
oxides  underwent  retarded  release  upon  reaction  with 
ascorbic  acid  due  to  the  slow  dissolution  rate  of  the  host 
minerals. 

3.1.1.  Uranium  solid  phase  speciation 

Uranium  solid-phase  speciation  was  investigated  using 
EXAFS  spectroscopy  and  linear  combination  fitting.  On 
the  basis  of  U  axial  oxygen  coordination,  approximately 
15%  of  the  “incorporated”  reference  spectrum  (after  bicar¬ 
bonate  extraction)  was  an  un-extracted  uranyl  species, 
either  adsorbed  or  otherwise  occluded  in  the  iron  oxide 
(Fig.  3),  while  the  remainder  (85%)  was  U  in  octahedral 
(uranate)  coordination.  Adsorbed  and  “nano”-U02  com¬ 
pounds  used  for  linear  combination  fitting  reference  spectra 
were  entirely  adsorbed  uranyl  or  U02  (see  Electronic 
Annex  for  fitting  details).  Linear  combination  fits  (details 
of  which  are  provided  in  Electronic  Annex)  were  adequate 
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Fig.  1.  Uranium  partitioned  into  the  solid  phase  as  a  function  of  U(VI)(aq)  concentration  ([LJinitial]  =  1-170  pM)  and  Ca^,  concentration  (0 
or  4  mM  Ca)  upon  reaction  with  ferrihydrite,  0.3  mM  Fe(II),  and  3.8  mM  carbonate  at  a  pH  of  7.0.  Error  bars  are  smaller  than  the  symbols 
used  to  represent  the  data  and  are  not  displayed. 
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Fig.  2.  Uranium  and  Fe  release  from  U-bearing  iron  oxide  solids  upon  reaction  with  10  mM  ascorbic  acid  at  pH  3.0  for  18  days.  Solids  were 
obtained  from  reacting  ferrihydrite  with  10  pM  U  and  100  pM  U,  0.3  mM  Fe(II),  3.8  mM  carbonate,  and  0  mM  Ca  or  4  mM  Ca,  at  pH  7.0. 


to  describe  the  EXAFS  function  for  the  fitting  region  of 
k  =  3  to  11  A-1  (Fig.  4  and  Electronic  Annex);  in  all  cases, 
the  reduced  chi-squared  reported  by  Athena  was  <0.33,  and 
the  /--factor  was  <0.22.  The  uncertainty  associated  with  the 
linear  combination  fitting  results  is  ±5-15%  (details  on 
uncertainty  estimates  are  provided  in  the  Electronic 
Annex). 

Uranium  L3-edge  EXAFS  linear  combination  fits  were 
performed  to  quantify  the  proportion  of  U  retained  in  each 
form  (adsorbed  U,  incorporated  U,  and  U02).  Incubations 
with  U  concentrations  <  10  pM  had  EXAFS  features  of 
adsorbed  and  incorporated  U:  11-36%  adsorbed  uranyl 
and  64-89%  incorporated  U  for  U  concentrations  of 
1-10  pM  in  the  presence  and  absence  of  Ca  (Fig.  5).  The 
range  of  EXAFS-derived  adsorbed  uranyl  is  consistent  with 
the  KHCO3  and  ascorbic  extractions  for  these  samples 
(data  not  shown). 

At  U(VI)  concentrations  >  50  pM,  the  EXAFS  spectra 
also  had  primarily  features  of  adsorbed  and  incorporated 
U  (Fig.  5),  but  all  except  one  also  included  U02  (9-32%). 


All  XRD  patterns  except  for  the  170  pM  U  no-Ca  slurry 
showed  a  low-intensity  set  of  peaks  characteristic  of 
uraninite  (Fig.  6),  corroborating  the  EXAFS  fitting  results. 
Further,  uraninite  particles  were  observed  using  TEM, 
which  occurred  as  ~10nm  domains  associated  with  the 
iron  oxides  (Fig.  7).  The  EXAFS  linear  combination  fitting 
shows  the  variation  in  adsorbed  uranyl,  incorporated  U, 
and  uraninite  with  changes  in  reaction  conditions  (Fig.  5). 
In  contrast  to  the  reactions  with  ferrihydrite  slurry,  an 
incubation  with  0.3  mM  Fe(II),  4  mM  Ca,  170  pM  U,  and 
ferrihydrite-coated  sand  resulted  in  64%  adsorbed  U  and 
36%  incorporated  U  (see  Electronic  Annex).  The  decreased 
prevalence  of  U  incorporation  in  Fe-coated  sand  is  likely 
attributable  to  the  effects  of  dissolved/adsorbed  silicate  on 
U  incorporation  and  iron  oxide  transformation  (Jones 
et  al.,  2009;  Boland  et  al.,  201 1).  No  uraninite  was  observed 
in  the  ferrihydrite-coated  sand  incubation. 

Evidence  of  Ca-U  precipitates  was  not  observed.  Diges¬ 
tion  of  solids  and  analysis  via  ICP-MS  found  Ca  to  be 
below  detection  limit  (<0.1  mg/L)  in  all  cases.  Additionally, 
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Fig.  3.  Uranium  L3-edge  EXAFS  shell-by-shell  fit  of  incorporated  U  resulting  from  the  reaction  of  ferrihydrite  with  1  pM  U,  0.3  mM  Fe(II), 
and  3.8  mM  bicarbonate,  at  pH  7.0.  Solids  underwent  bicarbonate  extraction  to  remove  adsorbed  U(VI).  The  fits  illustrate  ~  1 5%  un-extracted 
U(VI)  and  ~85%  U  incorporated  into  goethite.  The  solid  green  line  is  the  data,  the  dotted  black  line  represents  the  overall  fit,  and  the  inverted 
solid  lines  are  the  individual  paths  (U-0  and  U-Fe)  that  make  up  the  overall  fit.  (For  interpretation  of  the  references  to  color  in  this  figure 
legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Fig.  4.  EXAFS  linear  combination  fitting  results  for  k3-weighted  U  L3-edge  EXAFS  spectra  for  ferrihydrite  reacted  with  U(VI),  0.3  mM 
Fe(II),  3.8  mM  carbonate,  and  4  mM  Ca,  at  pH  7.0.  Data  (colored  lines),  fitting  components  (incorporated  U,  adsorbed  U,  nano-UCh),  linear 
combination  fits  (black  dotted  lines),  and  residuals  (light  grey  dotted  lines)  are  shown.  (For  interpretation  of  the  references  to  color  in  this 
figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


Ca/U  precipitates  were  not  observed  with  TEM.  Composi¬ 
tional  analysis  via  EDS  showed  U  associated  with  goethite 
and  other  iron  oxide  particles  (resembling  bemalite-like 
particles,  or  ferrihydrite),  but  no  Ca  was  detected  (data 
not  shown).  Further,  Ca  was  not  detected  in  XPS  survey 
scans  after  the  samples  were  rinsed  with  de-ionized  water, 
further  suggesting  that  Ca-U  precipitates  were  either  not 
present  in  this  system,  or  were  rinsed  off  during  sample  har¬ 
vesting.  Therefore,  U  in  this  system  was  determined  to  be 


associated  with  iron  oxide  minerals  (ferrihydrite,  goethite, 
magnetite)  and  U  minerals  (UO2). 

3.1.2.  Uranium  valence  state 

While  X-ray  absorption  spectroscopy  can  readily  distin¬ 
guish  between  U(IV)  and  U(VI),  it  is  less  straightforward 
for  differentiating  between  U(VI)  and  U(V)  unless  one  has 
a  priori  structural  models  (Soldatov  et  al.,  2007).  By  con¬ 
trast,  XPS  has  proven  sufficient  to  resolve  U(V)  (Ilton 
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Fig.  5.  Solid  phase  U  speciation  from  EXAFS  linear  combination  fits,  as  a  function  of  initial  U(VI)(aq)  concentration  ([Uinitiai]  =  1-170  pM) 
after  reaction  with  ferrihydrite,  0.3  mM  Fe(II),  3.8  mM  carbonate,  and  (a)  0  mM  Ca,  or  (b)  4  mM  Ca,  at  pH  7.0.  Uranium  incorporated  into 
goethite  dominates  solid  phase  U  over  this  range  of  reaction  conditions.  Linear  combination  fitting  EXAFS  percentages  are  shown  for  each 
component:  incorporated  U  (red  circles),  adsorbed  U  (yellow  triangles),  and  U02  (black  squares).  (For  interpretation  of  the  references  to 
color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


and  Bagus,  2011;  Ilton  et  al.,  2010,  2012);  we  therefore  uti¬ 
lized  XPS  to  determine  the  valence  state  of  U  associated 
with  the  iron  oxide  reaction  products.  X-ray  photoelectron 
spectroscopic  analysis  indicates  that  U(V)  is  the  dominant 
oxidation  state  of  U  associated  with  goethite  (Fig.  8). 
U(V)  has  a  lower  binding  energy  than  U(VI),  commonly 
corresponding  to  an  approximately  —  1  eV  shift  in  the  pri¬ 
mary  U4f7/2  and  U4f5/2  peaks;  however,  the  peak  shift  is 
supportive  but  not  diagnostic  of  U(V)  (Ilton  and  Bagus, 
2011).  The  satellite  peak  structures  are  needed  to  distin¬ 
guish  between  U(IV),  U(V),  and  U(VI),  as  described  by 
Ilton  et  al.  (2012).  Fig.  8  depicts  an  XPS  spectrum  represen¬ 
tative  of  U  associated  with  the  iron  oxides,  which  was  fit 
with  contributions  from  U(IV),  U(V),  and  U(VI)  at  380.4, 
380.6,  and  382.0  eV,  respectively,  for  the  U4f7/2  peak 
(Table  1).  The  U4f7/2  satellite  peak  at  +8.4  eV  from  the  pri¬ 
mary  peak  and  the  U4f5/2  satellite  peak  at  +8.3  eV  are 
indicative  of  U(V)  (Fig.  8).  The  XPS  fits  also  indicate  the 
presence  of  both  U(IV)  and  U(VI);  satellite  peaks  at 
+6.8  eV  from  the  primary  peaks  are  from  U(IV),  and 
satellite  peaks  at  +3.2  eV  are  from  U(VI)  (Fig.  8). 

The  dominant  U  oxidation  state  determined  by  XPS  was 
U(V),  with  56-61%  as  U(V)  (for  10  and  100  pM  U,  respec¬ 
tively)  with  0  mM  Ca.  With  4mM  Ca,  51%  was  U(V)  at 


both  10  and  100  pM  U  concentrations.  Uranium(VI)  was 
present  in  all  samples  (11-26%),  as  was  U(IV)  (22-29%). 
Full  XPS  fitting  results  are  shown  in  Table  1. 

3.1.3.  Ferrihydrite  transformation  products 

Goethite  was  the  only  observed  crystalline  iron  oxide  in 
the  0.3  mM  Fe(II),  variable-U  experiments.  Iron  K-edge 
EXAFS  spectroscopy  indicates  that  approximately  30%  of 
the  post-transformation  iron  oxide  remains  as  ferrihydrite 
and  70%  is  goethite  (see  Electronic  Annex). 

3.1.4.  Amount  of  uranium  incorporated  in  goethite 

Direct  dissolution  provides  a  measurement  of  the  total 
U:Fe  ratio  of  the  solids  for  the  10  pM  [U(YI)initiai]  and 
100  pM  [UfVIJinitiai]  systems.  These  can  be  combined  with 
proportional  estimates  of  incorporated  U  derived  from 
EXAFS  spectroscopy  (Fig.  5)  to  establish  an  estimate  of 
the  amount  of  incorporated  U.  Upon  acid  digestion,  the 
total  U:Fe  molar  ratio  of  the  10  pM  [U(VI)initia|]  and 
100  pM  [U (VI) initial]?  4  mM  Ca  systems  were  0.0061  and 
0.034,  respectively.  Combined  with  the  EXAFS  spectro¬ 
scopic  estimates  (Fig.  5),  0.4  mol%  and  2.3  mol%  U  were 
incorporated,  respectively.  This  estimate  is  close  to  the 
2-3  mol%  estimate  of  Nico  et  al.  (2009)  for  a  similar  system 
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Fig.  6.  Crystalline  solid  phases  identified  with  high-resolution  powder  diffraction,  resulting  from  U(VI)  ([Uinitiai]  =  1-170  pM)  reacted  with 
0.3  mM  Fe(II),  3.8  mM  carbonate,  and  (a)  0  mM  Ca  or  (b)  4  mM  Ca,  at  pFI  7.0. 


with  Ca.  For  the  system  without  Ca,  the  total  U:Fe  molar 
ratios  were  0.0076  and  0.062,  in  the  10  and  100  pM 
[U(VI)injtiai],  respectively.  Taking  the  EXAFS  results  into 
account,  this  corresponds  to  incorporated  U  of  0.7  mol% 
and  5.2  mol%  in  the  no-Ca  system. 

With  ferrihydrite-coated  sand,  ~2.3  mol%  (U:Fe)  was 
sorbed  to  the  solid,  as  measured  by  difference  from  U  in 
solution  (23%  of  the  170  pM  U  in  the  system  was  sorbed, 
77%  remained  in  solution).  Of  this  sorbed  U,  36% 
(~0.8  mol%)  was  incorporated  and  64%  (~1 .5  mol%)  was 
adsorbed,  an  amount  of  U  incorporation  lower  than  that 
observed  by  Nico  et  al.  (2009).  The  difference  in  amount 
of  incorporation  was  due  to  the  presence  of  ten  times  more 
Fe(II)  to  drive  U  and  Fe  transformations  in  Nico  et  al. 
(2009). 

3.2.  Variable  Fe(II)  incubations 

Variable  concentrations  (0-3  mM  Fe)  of  Fe(II)  were 
reacted  with  ferrihydrite  and  127  pM  uranyl  at  a  starting 
pH  of  7.0  (3  mM  Fe)  to  7.5  (0  mM  Fe),  with  0  mM  or 
4  mM  Ca.  Iron(II)  was  used  to  drive  the  reductive  transfor¬ 
mation  of  both  ferrihydrite  and  U.  In  the  absence  of  Ca  and 
Fe(II),  73%  of  total  U  was  adsorbed  on  ferrihydrite. 


Addition  of  Fe(II)  resulted  in  greater  U  removal  from  solu¬ 
tion  due  to  U  incorporation  into  restructured  iron  oxides 
and  U  reduction  to  UO2;  79%  of  U  was  removed  from  solu¬ 
tion  at  an  initial  Fe(II)  concentration  of  0.3  mM,  and  >99% 
of  U  was  removed  from  solution  at  Fe(II)  concentrations  of 
>  1  mM  (Fig.  9).  In  contrast,  due  to  the  formation  of  the 
uranyl-calcium-carbonato  complex  with  4  mM  Ca  present, 
only  29%  of  U  was  adsorbed  when  Fe(II)  was  absent.  After 
Fe(II)  addition,  36%  of  U  was  removed  from  solution  at 
0.3  mM  Fe(II),  while  85%  was  removed  with  1  mM  Fe(II), 
and  greater  than  99%  of  U  was  removed  from  solution  at 
3mM  Fe(II)  concentrations  (Fig.  9).  Greater  U  removal 
(79-99%+)  was  due  largely  to  U  reduction  to  U02, 
especially  at  3  mM  Fe(II),  although  U  incorporation  in  goe- 
thite,  and  to  a  lesser  extent  uranyl  adsorption,  also  played  a 
role  (Fig.  10). 

3.2.1.  Uranium  solid  phase  speciation 

At  [Fe(II)initiai]  =  0.3  mM,  EXAFS  linear  combination 
fits  showed  that  only  14%  and  25%  of  solid  phase  U  was 
incorporated  into  goethite  for  the  0  mM  Ca  and  4  mM 
Ca  systems,  respectively.  The  remainder  of  solid  phase  U 
for  the  lowest  Fe(II)  concentration  was  as  adsorbed  uranyl 
(Fig.  10).  At  higher  Fe(II)  concentrations  (1  and  3  mM), 
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Fig.  7.  Transmission  electron  microscope  image  of  solids  resulting 
from  100  pM  [Ujnitiai]  reacted  with  4  mM  Ca  and  0.3  mM  Fe(II),  at 
pFl  7.0.  Energy-dispersive  X-ray  spectroscopic  analysis,  coupled 
with  measurements  of  lattice  fringes  for  d-spacings,  indicate  that 
the  particles  are  mixed  iron  oxides  with  U  (upper  right,  labeled) 
and  UO2  (center-left,  circled  and  labeled). 


405  400  395  390  385  380  375 

Binding  Energy  (eV) 


Fig.  8.  X-ray  photoelectron  spectrum  of  U-bearing  goethite 
resulting  from  ferrihydrite  reacted  with  100  |iM  U  and  0.3  mM 
Fe(II),  at  pFl  7.0.  Binding  energy  was  referenced  to  adventitious 
Cls  at  285.0  eV.  The  primary  U4f5/2  peak  and  U4f7/2  peaks,  along 
with  satellite  peaks,  allow  for  quantification  of  U(IV)  in  green, 
U(V)  in  purple,  and  U(VI)  in  grey.  The  overall  fit  is  shown  in  red. 
(For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 


U02  and  U(V)  incorporation  into  goethite  become  promi¬ 
nent  sinks  of  retained  U.  In  the  presence  of  4  mM  Ca,  reac¬ 
tion  of  ferrihydrite  with  1  mM  Fe(II)  resulted  in  62% 
incorporated  U,  38%  as  U02,  and  no  remaining  adsorbed 
uranyl  (Fig.  10).  At  [Fe(II)jnjtiai]  =  3  mM  and  with  4mM 
Ca,  41%  of  the  solid  phase  U  was  incorporated  as  U(V) 
in  goethite,  41%  was  reduced  to  U02,  and  18%  remained 
adsorbed  (Fig.  10).  With  no  Ca,  at  [Fe(IT)initiai]  =  1  mM, 
54%  of  solid  phase  U  was  incorporated,  31%  was  reduced 
to  U02,  and  15%  remained  adsorbed.  When  [Fe(II)initiai] 
was  increased  to  3  mM  with  no  Ca,  35%  of  solid  phase  U 
was  incorporated,  44%  was  reduced  to  U02,  and  21% 
remained  adsorbed  (Fig.  10).  X-ray  powder  diffraction  indi¬ 
cates  that  U02  is  present  in  all  of  the  samples  except  those 
with  0.3  mM  Fe(II).  Samples  with  1,  and  3  mM  Fe(II) 
clearly  show  the  presence  of  U02,  with  both  0  and  4  mM 
Ca  (Fig.  11).  The  XRD  patterns  corroborate  the  U  L3-edge 
EXAFS  linear  combination  fitting  results  of  0-44%  U02; 
the  U02  is  evident  in  the  U  L3-edge  EXAFS  spectra  from 
the  1  and  3  mM  Fe(II)  systems,  but  not  the  0.3  mM  Fe(II) 
system  (Fig.  12). 

Without  Ca,  the  amount  of  bicarbonate  extractable  U 
varied  from  45%  of  total  U  with  0  mM  Fe(II)  to  38%  with 
0.3  mM  Fe(II),  down  to  ~0%  for  1  mM  Fe(II)  and  ~2%  for 
3  mM  Fe(II).  The  presence  of  Ca  and  the  strength  of  the 
ternary  uranyl-calcium-carbonato  complex  altered  the 
amount  of  bicarbonate  extractable  uranyl  to  16%  with  no 
Fe(II),  16%  with  0.3  mM  Fe(II),  ~3%  with  1  mM  Fe(II), 
and  ~0%  for  3  mM  Fe(II).  Up  to  half  of  the  adsorbed  ura¬ 
nyl  (as  measured  spectroscopically)  was  not  removed  by 
bicarbonate  extraction  in  the  0.3  mM  Fe(II)  system,  and 
almost  no  adsorbed  uranyl  was  removed  by  bicarbonate 
extraction  in  the  1  and  3  mM  Fe(II)  systems. 

3.2.2.  Ferrihydrite  transformation  products 

With  an  initial  Fe(II)  concentration  of  0.3  mM,  goethite 
with  short,  broad  diffraction  peaks  was  the  primary 
observed  transformation  product  of  ferrihydrite,  though 
the  presence  of  Ca  led  to  goethite  with  sharper  diffraction 
peaks  (Fig.  11).  Substantial  scattering  background,  presum¬ 
ably  from  residual  2-line  ferrihydrite,  is  also  present  at 
[Fe(II) initial]  =  0.3  mM.  At  an  initial  Fe(II)  concentration 
of  1  mM,  goethite  with  sharp  diffraction  peaks  was  the  only 
iron  oxide  detected  in  the  XRD  analysis.  At  3  mM  Fe(II), 
magnetite  was  the  primary  Fe  product,  with  smaller 
amounts  of  goethite  (Fig.  11). 

4.  DISCUSSION 

4.1.  Competition  between  reaction  pathways 

In  combination  with  uranyl  adsorption,  the  fate  of  U 
within  our  experimental  system  is  dependent  on  multiple 
different  Fe(II)-driven  processes,  which  all  potentially  occur 
simultaneously:  U  incorporation  into  goethite  during 
Fe(II)-catalyzed  ferrihydrite  transformation  to  goethite, 
and  Fe(II)-induced  uranyl  reduction  to  U02  (Fig.  13). 
The  fate  of  U  in  the  system  depends  on  the  relative  reaction 
rates  of  a  suite  of  competing  reactions.  The  reactions 
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Table  1 

X-ray  photoelectron  spectroscopy  fitting  percentages  for  the  U  4f3/2  and  4f7/2  primary  and  satellite  peaks.  Solids  were  from  ferrihydrite  slurry 
reacted  with  10  pM  U  or  100  pM  U,  0  mM  Ca  or  4  mM  Ca,  3.8  mM  carbonate,  and  0.3  mM  Fe(II),  at  pH  7.0.  Uncertainty  estimates  are 
expressed  as  one  standard  deviation  of  replicate  measurements  of  three  separate  points  of  XPS  analysis. 


U  concentration  (pM) 

Ca  concentration  (mM) 

U(IV),  % 

U(V),  % 

U(VI),  % 

10 

0 

21.6  ±2.1 

55.6  ±3.6 

22.8  ±1.4 

100 

0 

28.8  ±0.5 

60.6  ±  0.7 

10.6  ±1.1 

10 

4 

23.0  ±1.7 

51.2  ±1.3 

25.8  ±2.5 

100 

4 

25.9  ±2.1 

51.1  ±1.2 

23.0  ±2.0 

Fig.  9.  Uranium  partitioned  into  the  solid  phase  as  a  function  of 
Fe(II)(aq)  concentration  ( [Fe( II)initiai]  =  0-3  mM)  and  Ca2^)  con¬ 
centration  (0  or  4  mM  Ca)  upon  reaction  with  ferrihydrite,  127  pM 
U(VI),  and  3.8  mM  carbonate  at  pH  7.0-7.5.  Error  bars  are  smaller 
than  the  symbols  used  to  represent  the  data  and  are  not  displayed. 


governing  U  fate  are  (all  reactants/products  are  aqueous 
species  unless  otherwise  specified): 

•  Ferrihydrite  transformation  to  goethite: 

Fe(OH)3(s)  +  Fe2+  ^  FeOOH{s)  +  H20  +  Fe2+  (1) 


Initial  Fe(ll),0„  Concentration  (mM) 


•  U(VI)  reduction  to  U02: 

For  the  uranyl-carbonato  aqueous  species, 

U02(C03)3“  +  2Fe2+  +  6H20  ^  U02(s) 

+  2Fe(OH)3(s)  +  3HC03  +  3H+  (2a) 

For  the  uranyl-calcium-carbonato  species, 

U02Ca2(C03)°  +  2Fe2+  +  6H20^U02(s) 

+  2Fe(OH)3(s)  +  2Ca2+  +  3HC03“  +  3H+  (2b) 

•  U(V)  incorporation,  considering  uranyl  and  uranyl-car¬ 
bonato  adsorption  complexes: 

u°2(ads)  -  Fe(°H)3(s)  +  Fe2+ 

±H20^UvFe205(0H)(s)±4H+  (3a) 

[lJ02(C03)2(ads)  -  Fe(OH)3(s)]2"  +  Fe2+ 

+  H20  ^  UvFe205(0H)(s)  +  2H+  +  2HC03  (3b) 


Fig.  10.  Solid  phase  U  speciation  from  EXAFS  linear  combination 
fits,  as  a  function  of  initial  Fe(II)(aq)  concentration  ([Fe(II)i„j_ 
tial]  =  0.3-3  mM)  after  reaction  with  ferrihydrite,  127  pM  U(VI), 
3.8  mM  carbonate,  and  (a)  0  mM  Ca,  or  (b)  4  mM  Ca,  at  pH  7.0- 
7.5.  Uranium  incorporated  into  goethite  is  a  common  form  of  solid 
phase  U  over  this  range  of  reaction  conditions.  Linear  combination 
fitting  EXAFS  percentages  are  shown  for  each  component: 
incorporated  U  (red  circles),  adsorbed  U  (yellow  triangles),  and 
U02  (black  squares).  (For  interpretation  of  the  references  to  color 
in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.) 

Uranium  incorporation  into  goethite  is  likely  initiated 
with  an  adsorbed  uranyl  species  reacting  with  Fe(II),  as 
indicated  in  reaction  3  above.  The  rate  of  U  adsorption  is 
presumed  to  be  rapid  in  comparison  to  reduction  and  incor¬ 
poration,  with  nearly  complete  adsorption  occurring  in 
minutes,  and  equilibrium  reached  in  hours  (Giammar  and 
Hering,  2001).  The  aqueous  chemical  factors  that  affect 
the  kinetics  of,  and  subsequent  competition  between, 
reaction  pathways  include:  (1)  Fe(II)  concentration;  (2)  U 
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(a) 


Magnetite,  goethite,  U02 

L.  ,1,1.  .1  .  ...  .  [Fe(ll)mraal]=3m 


Ferrihydrite,  goethite 


(b) 


Jd 


[Fe(ll)initlal]-0.3  m 


Fig.  11.  Crystalline  solid  phases  identified  with  high-resolution  powder  diffraction,  resulting  from  Fe(Il)  ([Fe(tl)mitiai]  =  0.3  3  mM)  reacted 
with  127  pM  U(Vf),  3.8  mM  carbonate,  and  (a)  0  mM  Ca  or  (b)  4  mM  Ca,  at  pH  7.0-7. 5. 


Wave  Vector,  k( A  ) 


Fig.  12.  EXAFS  linear  combination  fitting  results  for  A3 -weighted  U  L3-edge  EXAFS  spectra  for  ferrihydrite  reacted  with  127  pM  U(Vf),  0.3- 
3  mM  Fe(fl),  3.8  mM  carbonate,  and  0  mM  Ca,  at  pH  7.0-7.5.  Data  (colored  lines),  fitting  components  (incorporated  U,  adsorbed  U,  nano- 
UO2),  linear  combination  fits  (black  dotted  lines),  and  residuals  (light  grey  dotted  lines)  are  shown.  (For  interpretation  of  the  references  to 
color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


concentration;  (3)  pH;  and  (4)  Ca  concentration  (in  the 
presence  of  carbonate).  The  first  three  factors,  Fe(II)  and 
U  concentrations,  and  pH,  exert  strong  controls  due  to 


their  effects  on  iron  oxide  transformation  and  the  thermo¬ 
dynamic  favorability  of  U  reduction.  The  most  important 
parameter  in  determining  iron  oxide  products  and  U  fate 
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Fig.  13.  Conceptual  model  of  the  predominant  solid  phase  products  (bottom)  of  uranyl  and  ferrihydrite  transformation  (yellow  arrows).  Solid 
phase  products  are  influenced  primarily  by  Fe(II)  concentration,  U  concentration,  and  initial  pFl,  with  Fe(II)  concentration  exerting  the 
dominant  control  (as  indicated  by  the  size  and  shading  of  the  triangles).  Higher  pH,  U  concentration,  and  Fe(II)  concentration  favor  solid 
phase  products  toward  the  right  of  the  diagram  (incorporated  U(V)  and  U(IV)  precipitates).  (For  interpretation  of  the  references  to  color  in 
this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


is  Fe(II)  concentration,  due  to  its  central  role  in  the  three 
competing  reactions  of  ferrihydrite  transformation,  U(VI) 
reduction,  and  U(V)  incorporation.  Calcium  modifies  these 
overall  pathways  due  to  its  effects  on  uranyl  aqueous  speci- 
ation,  with  higher  U  concentrations  favoring  reduction  and 
the  presence  of  Ca  retarding  reduction. 

Ferrihydrite  transformation  is  affected  by  pFI  and  Fe(II) 
concentration,  with  higher  pFI  or  Fe(II)  favoring  magnetite 
and  lower  pFI  or  Fe(II)  favoring  goethite  (Flansel  et  al., 
2005).  The  pH  of  the  system,  as  well  as  Fe(II)  concentra¬ 
tions,  can  also  affect  iron  oxide  transformation  kinetics. 
For  example,  Yang  et  al.  (2010)  found  that  Fe(II)-induced 
transformation  of  6-line  ferrihydrite  to  goethite  and/or 
magnetite  occurred  at  pH  6.8  on  a  timescale  of  days  to  sev¬ 
eral  weeks.  Boland  et  al.  (2011)  observed  that  2-line  ferrihy¬ 
drite  transformed  to  goethite  within  4  days  at  pH  6.5  in  the 
presence  of  1  mM  Fe(II).  Hansel  et  al.  (2005)  observed  the 
transformation  of  2-line  ferrihydrite  —70%  goethite  and 
-30%  ferrihydrite  within  12  h  at  pH  7.2  upon  reaction  with 


2  mM  FeS04,  but  with  0.2  mM  FeS04,  the  transformation 
to  a  mixture  of  goethite  and  lepidocrocite  took  —40  h.  Fer¬ 
rihydrite  transformation  products  and  reaction  kinetics  are 
the  result  of  an  intimate  interplay  between  Fe(II)  concen¬ 
trations  and  pH.  In  our  system,  a  slight  difference  in  initial 
pH  led  to  strikingly  different  ferrihydrite  transformation 
products  in  otherwise  similar  systems  with  300  pM  Fe(II) 
and  100+  pM  U  (e.g.,  Figs.  6  and  11).  The  inhibition  of 
goethite  formation  at  higher  pH  is  consistent  with  previous 
studies  (Hansel  et  al.,  2005).  The  slight  pH  increase  also 
produced  strikingly  different  results  with  respect  to  U  incor¬ 
poration,  since  the  decrease  in  goethite  formation  corre¬ 
sponded  with  a  decrease  in  U  incorporation  (Figs.  5  and 
10). 

In  addition  to  ferrihydrite  transformation  kinetics,  U 
redox  reaction  kinetics  also  play  a  key  role  in  the  evolution 
of  the  system.  The  abiotic  reduction  of  U(VI)  to  U02  may 
occur  more  rapidly  than  iron  oxide  transformation.  Liger 
et  al.  (1999)  observed  the  reduction  of  0.5  pM  U  by 
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160  |iM  Fe(II)  in  the  presence  of  a  hematite  suspension  in 
less  than  30  h.  Du  et  al.  (2011)  found  that  0.21  mM 
U(VI)  was  completely  reduced  by  1  mM  Fe(II)  at  pFI 
~8.9  in  ~20  min,  and  that  a  pH  ~6.2  substantially  slowed 
but  did  not  completely  inhibit  U  reduction.  Faster  UO2  pre¬ 
cipitation  relative  to  goethite  formation  led  to  substantially 
more  U02  in  the  1  mM  Fe(II)  system  (Fig.  10)  versus  a 
comparable  system  at  a  slightly  lower  initial  pH  with 
300  pM  Fe(II)  (Fig.  5  and  100  pM  U).  The  interplay 
between  variations  in  reaction  conditions  and  vastly  differ- 
ing  reaction  kinetics  and  products  illustrates  the  complexity 
of  the  U/ferrihydrite/Fe(II)  system. 

We  observed  that  for  U  concentrations  ranging  from  1 
tolO  pM,  U  incorporation  into  goethite  is  the  dominant 
retention  pathway,  ranging  from  64%  to  89%  depending 
on  the  reaction  conditions  (Fig.  5).  Under  conditions  lead¬ 
ing  to  Fe(II)  production  such  as  in  an  aquifer  in  low-oxygen 
conditions,  therefore,  U  incorporation  into  goethite  is  likely 
an  important  and  overlooked  retention  pathway  at  U  con¬ 
centrations  <10  pM  (in  cases  where  Fe(II)  concentrations 
are  on  the  order  of  hundreds  of  pM).  Boland  et  al.  (2011) 
also  observed  U  incorporation  into  goethite  for  similar  con¬ 
ditions  with  one  important  distinction  being  that  both  cal¬ 
cium  and  carbonate  were  absent  in  their  system.  Given  the 
substantial  impact  of  carbonate  and  calcium  on  U  biogeo¬ 
chemistry,  and  the  ubiquity  of  both  ions  in  the  environment, 
the  present  findings  substantiate  the  competitiveness  of  the 
U  incorporation  process  in  low-U  systems  containing 
carbonate  and  Ca. 

Uranium  incorporation  into  goethite  is  a  dominant  U 
retention  pathway  in  low-U  systems,  and  is  also  a  compet¬ 
itive  U  retention  pathway  across  the  wide  range  of  aqueous 
reaction  conditions  explored  in  this  study.  Incorporated  U 
is  a  substantial  component  of  the  total  U  budget  in  all  sys¬ 
tems  studied  here  (Figs.  1,  5,  9  and  10).  The  relative 
contributions  of  the  U02  pathway,  however,  increased  with 
increasing  initial  aqueous  U  concentration,  until  consump¬ 
tion  of  Fe(II)  limited  further  U  reduction  to  U(IV). 
Generally,  when  Fe(II)  concentration  was  not  limiting, 
higher  U  concentrations  accelerated  U(VI)  reduction  to 
U(IV),  resulting  in  subsequent  precipitation  of  U02  becom¬ 
ing  an  increasingly  prominent  retention  pathway.  Even 
with  initial  concentrations  of  Fe(II)  as  high  as  3  mM,  how¬ 
ever,  U  incorporation  into  goethite  remained  a  contributing 
retention  pathway  (Fig.  10). 

4.2.  Effect  of  uranyl  aqueous  speciation 

While  the  presence  of  calcium  decreased  U  retention 
(Figs.  1  and  9)  and  the  amount  of  U  incorporated  into  iron 
oxide,  EXAFS  analysis  demonstrated  that  U  incorporation 
remained  an  operative  retention  process  (Figs.  5  and  10). 
Boland  et  al.  (2011)  achieved  similar  EXAFS  results  in  sys¬ 
tems  absent  of  carbonate,  suggesting  that  U  incorporation 
into  ferrihydrite  during  Fe(II)-induced  transformation  does 
not  require  a  particular  U  aqueous  species.  In  the  present 
study,  U  incorporation  occurred,  and  was  an  important 
sequestration  process,  regardless  of  the  dominant  uranyl 
aqueous  species.  Incorporation  occurred  even  though  ura- 
nyl-carbonato  and  uranyl-calcium-carbonato  complexes 


decreased  the  extent  of  U  adsorption  (Waite  et  al.,  1994; 
Stewart  et  al.,  2010)  (Figs.  1  and  9).  The  fraction  of 
adsorbed  uranyl,  even  when  decreased  by  the  uranyl- 
calcium-carbonato  complexes,  appears  to  provide  ample 
precursor  concentration  for  U  incorporation. 

Despite  the  relative  lack  of  impact  of  calcium  on  the  U 
incorporation  process,  as  shown  by  the  EXAFS  linear  com¬ 
bination  fitting  analysis  (Figs.  5  and  10),  the  presence  of 
uranyl-calcium-carbonato  ternary  complexes  can  substan¬ 
tially  impact  the  fate  of  U  by  altering  the  mass  balance 
(Figs.  1  and  9)  and  exerting  a  secondary  influence  on  solid 
phase  products.  Uranyl-calcium-carbonato  ternary  com- 
plexation  decreases  the  rate  and  extent  of  U(VI)  reduction 
to  U(IV)  compared  to  Ca-free  systems  (Brooks  et  al., 
2003;  Hua  et  al.,  2006;  Neiss  et  al.,  2007),  and  thus 
increased  the  proportion  of  incorporated  U  relative  to 
U02  (at  [Fe(ll)initia[]  ^  1  mM).  Consequently,  when  Fe(II) 
is  not  limiting,  proportionally  more  incorporated  U  occurs 
under  conditions  conducive  to  the  formation  of  uranyl- 
calcium-carbonato  ternary  complexes  (Fig.  10).  At  lower 
Fe(II)  concentrations,  [Fe(II)initiai]  =  0.3  mM,  the  presence 
of  uranyl-calcium-carbonato  ternary  complexes  decrease 
both  the  rates  of  U  incorporation  and  U  reduction  to 
U(IV),  and  increase  the  relative  rate  of  ferrihydrite  trans¬ 
formation  to  goethite.  This  leads  to  proportionally  more 
U02  on  the  solid,  since  U  incorporation  tapers  off  as  more 
goethite  is  formed  (Fig.  5).  Computations  by  Wander  et  al. 
(2006)  suggested  that  reduction  of  uranyl-carbonato  com¬ 
plexes  occurs  after  Fe(II)  binding  to  the  triscarbonato  com¬ 
plex;  uranyl-calcium-carbonato  ternary  complexation 
likely  slows  the  rate  of  U  reduction  by  aqueous  Fe(II)  by 
partially  blocking  the  binding  site  of  Fe(II)  on  the  uranyl 
ternary  complex  and  subsequent  electron  transfer.  A 
decrease  in  the  rate  of  U  reduction  due  to  U  ternary  com¬ 
plexes  would  explain  the  observed  differences  between  U 
reduction  and  U  incorporation  in  the  presence  of  Ca. 

4.3.  Uranium  valence  state  and  incorporated  uranium 

Nico  et  al.  (2009)  and  Boland  et  al.  (2011)  suggested  that 
U  incorporated  in  goethite  might  have  been  in  the  pentava- 
lent  oxidation  state.  Ilton  et  al.  (2012)  provided  strong  evi¬ 
dence  for  U(V)  incorporated  in  the  structure  of  hematite, 
and  atomistic  modeling  by  Kerisit  et  al.  (201 1 )  indicated  that 
U(V)  substitution  for  Fe(III)  in  goethite  was  a  better  match 
to  the  available  EXAFS  data  than  U(VI)  or  U(IV),  assum¬ 
ing  a  deprotonation  charge  balance  scheme.  However,  the 
U  L3-edge  X-ray  absorption  edge  cannot  be  sufficiently 
resolved  to  distinguish  between  U(V)  and  U(VI).  Further, 
post-edge  features  are  chiefly  due  to  uranate  coordination 
geometry  rather  than  U  valence  state  (Farges  et  al.,  1992; 
Soldatov  et  al.,  2007),  and  distinguishing  between  U(VI) 
and  U(V)  depends  on  qualitative  comparison  of  these  fea¬ 
tures  or  a  priori  structural  models  (e.g.,  Soldatov  et  al., 
2007).  Here,  we  used  XPS  to  interrogate  the  valence  state 
of  U  associated  with  goethite  formed  by  reductive  transfor¬ 
mation  of  ferrihydrite.  X-ray  photoelectron  spectroscopy 
can  distinguish  directly  and  quantitatively  between  U 
valence  states  using  the  relative  energies  of  the  U4f  primary 
and  satellite  peaks  (Ilton  and  Bagus,  2011). 
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X-ray  photoelectron  spectroscopic  analysis  of  10  pM  U 
and  100  pM  U  goethite  samples  in  the  present  study  indi¬ 
cated  that  the  dominant  oxidation  state  is  U(V)  (Fig.  8). 
There  is  good  agreement  between  EXAFS-derived  and 
XPS-derived  estimates  of  U(VI)  and  U(V),  with  the  caveat 
that  the  surface-sensitivity  of  the  XPS  technique  may 
underestimate  U(V)  if  it  is  incorporated  in  the  goethite 
structure.  We  do  observe  such  an  under-estimation  (by 
-20-30%)  of  U(V)  in  the  XPS  measurements  relative  to 
EXAFS-derived  estimates  of  incorporated  U.  Furthermore, 
trends  in  the  data  with  increasing  initial  aqueous  U  concen¬ 
tration,  such  as  an  increase  in  surface-associated  U02  par¬ 
ticles  (i.e.,  U(IV)  in  the  XPS  measurements),  are  consistent 
with  the  conclusion  that  U(IV)  and  U(VI)  are  predomi¬ 
nantly  surface-associated,  while  U(V)  is  incorporated  in 
the  goethite  structure  itself.  The  assertion  that  U  is  incorpo¬ 
rated  in  goethite  in  the  pentavalent  state  is  further 
supported  by  atomistic  modeling  (Kerisit  et  al.,  2011). 
Incorporated  U  is  not  likely  U(IV)  (Kerisit  et  al.,  2011), 
and  the  mass  balance  of  separate  measurements  of  U  in 
these  experiments  indicates  that  the  major  component  is 
incorporated  U.  Drawing  on  both  theoretical  work  by 
Kerisit  et  al.  (2011)  and  our  experimental  results,  we 
conclude  that  incorporated  U  is  U(V). 

Therefore,  since  incorporated  U  is  in  the  pentavalent 
state,  electron  transfer  must  occur  from  Fe(II)  to  U(VI), 
resulting  in  a  U(V)  state  that  is  preserved  within  the 
structure  of  the  goethite.  The  reduction  of  U  to  U(V) 
underscores  the  importance  of  redox  cycling  in  ambient- 
temperature  U  incorporation  into  goethite.  Indeed,  without 
reduction  of  U  to  U(V),  the  transformation  from  uranyl 
coordination  geometry  to  uranate  coordination  geometry 
may  not  be  possible  at  ambient  temperature  on  this  time- 
scale  of  days  to  weeks. 

The  detection  of  U(IV)  by  XPS  in  the  10  pM  U  samples 
is  not  corroborated  by  the  XAS  or  XRD  data;  the  surface- 
sensitivity  of  XPS  likely  accounts  for  both  the  systematic 
under-estimation  of  U(V)  (i.e.,  incorporated  U),  and  the 
detection  of  U(IV),  compared  to  EXAFS.  The  detection 
of  surface-bound  U(IV)  in  the  10  pM  U  samples  suggests 
that  some  U  in  the  system  may  exist  as  surface-adsorbed, 
poorly-crystalline  or  monomeric  U(IV).  However,  the 
XPS-determined  U(IV)  parallels  the  EXAFS-  and  TEM- 
detectable  U02  with  increasing  aqueous  U  concentration. 
This  is  consistent  with  the  findings  of  Ilton  et  al.  (2012), 
where  simultaneous  reduction  of  U(VI)  in  hematite  and 
on  the  surface  of  hematite  yielded  U(V)  and  U(IV),  respec¬ 
tively.  Consequently,  under  reducing  conditions,  pentava¬ 
lent  U  tends  to  be  stabilized  within  the  structures  of  both 
hematite  and  goethite,  while  U(VI)  and  U(IV)  species 
may  be  found  associated  with  the  iron  oxide  surface. 

4.4.  Mechanism  of  pentavalent  uranium  incorporation 

Uranium  incorporates  into  goethite  during  the  Fe(II)- 
induced  transformation  of  ferrihydrite  under  a  wide  variety 
of  solution  conditions.  Uranium  addition  after  ferrihydrite 
transformation  yielded  only  18%  incorporated  U  (see 
Electronic  Annex),  likely  from  ferrihydrite  formed  after 
reduction  of  the  added  U(VI);  this  indicates  the  necessity 


of  a  ferrihydrite  precursor  for  U  incorporation.  We  along 
with  others  (e.g.,  Duff  et  al.,  2002;  Smith  et  al.,  2009) 
observed  that  co-precipitation  of  U  and  Fe  during  ferrihy¬ 
drite  synthesis  by  hydrolysis  does  not  yield  incorporated  U. 
Rather,  U  is  co-precipitated  as  distinct  uranyl  hydroxide 
phases  or  as  an  adsorbed  phase.  Heating  and  aging  can  pro¬ 
duce  uranate-coordinated  U  in  iron  oxide  host  phases  such 
as  hematite  (Duff  et  al.,  2002;  Ilton  et  al.,  2012),  though 
Marshall  et  al.  (2014)  interpreted  the  EXAFS  spectrum  of 
U  substituted  for  Fe(III)  in  hematite  as  uranyl  with  elon¬ 
gated  axial  oxygen  bonds.  Adsorption  of  U  onto  ferrihy¬ 
drite  also  does  not  produce  incorporated  U  in  the  absence 
of  an  Fe(II)-  or  heat-induced  transformation  (at  least  on 
the  timescale  of  the  present  study)  -  although  some 
adsorbed  U  can  be  “strongly  retained/sorbed”  and  resistant 
to  chemical  extraction.  Taken  together,  this  evidence  sug¬ 
gests  that  a  redox-induced  transformation  of  U(VI)  to 
U(V)  is  necessary  to  induce  U  incorporation  into  goethite 
at  ambient  temperature  on  timescales  of  hours  to  days. 

The  mechanism  of  U  incorporation  into  goethite  occurs 
in  four  steps:  (1)  adsorption  of  the  uranyl  cation  on  the  fer¬ 
rihydrite  surface;  (2)  binding  and  electron  transfer  from 
Fe(II)  to  the  adsorbed  uranyl  cation,  producing  U(V) 
(Fig.  14);  (3)  a  shift  in  U(V)  to  octahedral  coordination 
(Fig.  14);  and,  (4)  continued  growth  of  goethite  around 
the  U(V)  (Fig.  15).  In  the  first  step,  uranyl  adsorption 
occurs  as  a  mononuclear,  bidentate  inner-sphere  surface 
complex  at  pH  7  (Bargar  et  al.,  1999;  Rossberg  et  al., 
2009;  Hiemstra  et  al.,  2009).  In  the  presence  of  carbonate, 
the  uranyl  cation  may  act  as  a  bridge  between  the  mineral 
surface  and  the  carbonate  ion  at  circumneutral  pH 
(Bargar  et  al.,  1999),  though  there  is  disagreement  on  the 
nature  of  the  surface  complex  in  the  presence  of  carbonate 
at  pH  <  8  (Rossberg  et  al.,  2009).  In  either  case,  the  mono¬ 
nuclear,  bidentate  inner-sphere  uranyl  surface  complex  is 
the  likely  precursor  of  incorporated  U,  and  is  the  common 
link  between  the  carbonate-free,  carbonate,  and  calcium- 
carbonate  systems.  In  the  second  step,  Fe(II)  complexes 
with  the  adsorbed  uranyl  complex,  leading  to  electron 
transfer  and  creation  of  U(V)  and  Fe(III).  It  is  also  possi¬ 
ble,  but  seems  less  likely,  that  Fe(II)  sorbed  on  ferrihydrite 
induces  electron  transfer  through  the  solid  (via  electron 
hopping)  and  ultimately  electron  donation  to  adsorbed 
U(VI).  In  either  case,  U(VI)  is  reduced  by  Fe(II)  to  U(V) 
on  the  ferrihydrite  surface.  The  formation  of  a  U(V)  species 
appears  to  provide  a  pathway  to  overcome  a  major  limita¬ 
tion  of  uranyl  incorporation  -  a  mismatch  in  coordination 
of  U  with  that  of  the  cation  sites  in  the  goethite  (or  other 
iron  oxide)  lattice.  The  strong  trans-dioxo  bonds  to  axial 
oxygen  atoms  within  the  hexavalent  uranyl  cation  would 
otherwise  inhibit  U  incorporation  within  the  iron  oxide. 
The  axial  oxygen  atoms  reside  at  a  distance  of  ~1.8A  in 
uranyl,  while  measurements  of  incorporated  U  in  this  study 
and  others  (Nico  et  al.,  2009;  Boland  et  al.,  2011;  Eton 
et  al.,  2012)  indicate  a  bond  distance  of  2.10-2.18  A.  There 
are  some  solids,  such  as  RbU03  and  NaU03,  where  U(V) 
exists  in  octahedral  coordination  with  bond  distances  in 
the  appropriate  range  (  ns,  2005;  Soldatov  et  al.,  2007). 
We  therefore  propose  that  electron  transfer  from  Fe(II) 
induces  a  relaxation  of  the  trans-dioxo  bonds  and  an 
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Fig.  14.  Uranium  incorporation  mechanism.  The  addition  of  Fe(II)  drives  ferrihydrite  transformation  to  goethite,  and  Fe(II)  binding  to 
adsorbed  uranyl  initiates  incorporation  (top).  Uranium(V)  incorporation  occurs  via  electron  transfer  from  Fe(II)  to  U(VI)  (middle),  creating  a 
Fe(III)  atom  exterior  to  an  incorporated  U(V)  (bottom),  and  enabbng  continued  crystal  growth  of  goethite.  Uranium  is  grey,  Fe(III)  in  the 
iron  oxide  is  yellow,  and  Fe(II/III)  participating  in  the  reaction  is  shown  in  green.  (For  interpretation  of  the  references  to  color  in  this  figure 
legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


extension  of  the  bond  length  between  the  U  atom  and  axial 
O  atoms  from  1.80  to  2.10-2.18  A.  The  electron  transfer 
also  triggers  a  coordination  change  from  two  axial  and 
5-6  equatorial  O  in  adsorbed  uranyl  to  octahedral  coordi¬ 
nation  in  the  incorporated  U(V)-the  third  step  in  the  U 
incorporation  mechanism  (Fig.  14). 


The  fourth  and  final  step  in  the  incorporation  mecha¬ 
nism  is  the  formation  of  an  Fe(III),  produced  by  the  elec¬ 
tron  transfer,  that  is  positioned  toward  the  exterior  of  the 
mineral  relative  to  the  newly-incorporated  U(V)  (Fig.  14), 
enabling  continued  crystal  growth  of  the  goethite  lattice 
(Fig.  15).  Kerisit  et  al.  (2011)  suggested  that  local  charge 
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Fig.  15.  The  final  product  of  the  U  incorporation  process  is  a  U(V)  atom  in  octahedral  coordination,  with  the  Fe  atom  that  was  its  electron 
donor  positioned  toward  the  exterior  of  the  incorporated  U.  Local  charge  balance  is  achieved  by  protonation/de-protonation  and/or  the 
introduction  of  Fe(III)  vacancies,  but  the  bulk  goethite  structure  is  preserved.  Uranium  is  grey,  Fe(III)  in  the  iron  oxide  is  yellow,  and  Fe(II/ 
III)  participating  in  the  reaction  is  shown  in  green.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to 
the  web  version  of  this  article.) 


balance  is  likely  achieved  by  the  protonation  or  de-protonation 
of  neighboring  hydroxyl  groups,  with  the  possible 
formation  of  a  vacancy  at  a  nearby  Fe(III)  site.  On  the  basis 
of  our  experimentally-determined  U-O  and  U-Fe  distances 
and  coordination  numbers  (given  in  Table  EA1)  in  compar¬ 
ison  with  the  modeling  predictions  of  Kerisit  et  al.  (2011), 
de-protonation  of  hydroxyls  is  the  most  likely  charge-bal¬ 
ancing  mechanism  given  substitution  of  U  for  Fe(III). 
Further,  the  calculated  U(V)-0  distances  are  a  better 
match  to  the  EXAFS  data  than  the  calculated  U(VI)-0 
distances.  The  introduction  of  a  vacancy  in  a  neighboring 
Fe(III)  site,  and  the  protonation  of  neighboring  hydroxyl, 
is  another  possible  charge  compensation  scheme,  but  the 
bond  distances,  coordination  numbers,  and  strain  calcu¬ 
lated  by  Kerisit  et  al.  (2011)  do  not  provide  support  for  a 
coupled  Fe(III)  vacancy/protonation  charge  compensation 
scheme.  However,  the  atomistic  modeling  approach  is 
purely  electrostatic,  and  future  ab  initio  modeling  may 
modify  these  conclusions. 

A  representative  chemical  reaction  for  Fe(II)-induced  ET 
incorporation  into  goethite  during  ferrihydrite  reductive 
transformation  is  given  by  Eq.  (3a): 

u°2(ads)  -  Fe(°H)3(s)  +  Fe2+ 

+  H20(i)  ^  UvFe205(0H)(s)  +  4H+aq)  (3ai) 

Eq.  (3aij  shows  charge  balance  achieved  by  de-protonation 
only.  The  reaction  with  a  Fe(III)  vacancy  and  protonation 
of  a  hydroxyl  is  shown  by  Eq.  (3a2): 

U02;ds)-Fe(OH)3(s)  +  Fe2+ 

+  3H20(i,  ^  UvFe203(0H)5(s)  +  4H+q)  (3a2) 

As  discussed  above,  our  measurements  of  U  oxidation  state 
and  El  coordination  geometry  suggest  that  Eq.  ( 3 a i  ,  is  the 
likely  interpretation  of  the  EJ(V)  incorporation  mechanism 
(Fig.  14). 

5.  CONCLUSIONS 

Other  investigators  (Duff  et  al.,  2002;  Ilton  et  al.,  2012) 
have  shown  that  U  can  be  incorporated  into  hematite  via 


U/Fe  co-precipitation  and  heating  of  the  resulting  solid 
material  to  70  °C.  We  have  shown  that  redox  transforma¬ 
tion  is  capable  of  achieving  U  incorporation  into  goethite 
at  ambient  temperatures,  and  that  this  transformation 
occurs  within  days  at  U  and  Fe(II)  concentrations  that 
are  common  in  subsurface  geochemical  environments. 

In  the  presence  of  ferrihydrite,  with  [Uuntiai]  in  the  range 
of  1-170  pM,  and  [Fe(II)initiai]  of  300  pM,  U(V)  incorpora¬ 
tion  was  a  dominant  U  retention  pathway  at  pH  7.0.  Redox 
processes  including  Fe(II)-induced  transformation  of 
ferrihydrite  to  goethite  and  electron  transfer  from  Fe(II) 
to  U(VI)  are  crucial  to  the  U  incorporation  process. 
Increasing  Fe(II)  or  U  concentration,  or  initial  pH,  made 
U(VI)  reduction  to  U(IV)  a  more  competitive  sequestration 
pathway  in  this  system,  presumably  by  increasing  the  rela¬ 
tive  rate  of  U  reduction.  Uranium  concentrations  com¬ 
monly  found  in  contaminated  subsurface  environments 
are  often  on  the  order  of  1-10  pM  (Anderson  et  al.,  2003; 
Wu  et  al.,  2006;  Yabusaki  et  al.,  2007),  and  groundwater 
Fe(II)  concentrations  can  reach  levels  of  100-300  pM 
(Anderson  et  al.,  2003)  in  reduced  zones  of  the  subsurface. 
Though  the  other  necessary  reactant,  ferrihydrite,  is  often  a 
transient  solid  phase  in  these  environments,  the  basic  geo¬ 
chemical  conditions  favoring  U(V)  incorporation  during 
ferrihydrite  transformation  are  not  uncommon  in  natural 
or  engineered  systems.  The  redox-driven  U(V)  incorpora¬ 
tion  mechanism  may  help  to  explain  U  retention  in  some 
geologic  materials,  improving  our  understanding  of  U- 
based  geochronology  and  the  redox  status  of  ancient  geo¬ 
chemical  environments.  This  mechanistic  understanding  of 
U  incorporation  may  even  lead  to  new  approaches  for 
in  situ  contamination  remediation  techniques,  and  will  help 
refine  models  of  U  fate  and  transport  in  reduced  subsurface 
zones. 
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